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Neural tubes transmitted by two receptor molecules, Patched (Ptc) and Smoothened (Smo).
Ptc suppresses Smo activity, while Hh binds Ptc and alleviates the suppression, which results in activation of
Hh targets. Smo is a seven-transmembrane protein with a long carboxyl terminal tail. Vertebrate Smo has
been previously shown to be coupled to Gαi proteins, but the biological signiﬁcance of the coupling in Hh
signal transduction is not clear. Here we show that although inhibition of Gαi protein activity appears to
signiﬁcantly reduce Hh pathway activity in Ptc−/− mouse embryonic ﬁbroblasts and the NIH3T3-based Shh-
light cells, it fails to derepress Shh- or a Smo-agonist-induced inhibition of Gli3 protein processing, a known
in vivo indicator of Hh signaling activity. The inhibition of Gαi protein activity also cannot block the Sonic
Hedgehog (Shh)-dependent speciﬁcation of neural progenitor cells in the neural tube. Consistent with these
results, overexpression of a constitutively active Gαi protein, Gαi2QL, cannot ectopically specify the neural
cell types in the spinal cord, whereas an active Smo, SmoM2, can. Thus, our results indicate that the Smo-
induced Gαi activity plays an insigniﬁcant role in the regulation of Gli3 processing and Shh-regulated neural
tube patterning.
© 2008 Elsevier Inc. All rights reserved.Introduction
The Hedgehog (Hh) family of secreted molecules plays an
important role in the patterning of the central nervous system, limb,
and many other embryonic structures (Hooper and Scott, 2005). The
Hh signal is transmitted by two receptor molecules, Patched (Ptc) and
Smoothened (Smo). Ptc is a twelve-passmembrane protein, and Smo is
a seven-transmembrane protein that resembles G protein-coupled
receptors (GPCRs) (Kalderon, 2000). In the absence of theHh signal, Ptc
suppresses Smo activity and hence Hh signaling activity. As a result,
most of the full-length Gli3 transcription factors and, to a much lesser
extent, Gli2 undergo proteasome-mediated processing into transcrip-
tional repressors (Pan et al., 2006; Wang et al., 2000). When the Hh
ligand is present, it binds Ptc and relieves its suppression on Smo so
that the processing of Gli2 and Gli3 is inhibited and the full-length Gli2
and Gli3 are activated, which in turn activates their downstream
transcriptional targets. The regulation of Gli2 and Gli3 processing is
therefore a key step in the Hh signaling pathway, and the levels of the
Gli2 and Gli3 repressors are direct indicators of Hh pathway activity.icine, Weill Medical College of
k, NY 10021, USA. Fax: +1 212
).
l rights reserved.Because of the structural similarity between Smo and GPCRs, Smo
has long been suspected to couple with G proteins. Indeed, several
studies using pharmacological treatment and overexpression have
suggested that vertebrate Smo can be coupled to different types of G
proteins (DeCamp et al., 2000; Hammerschmidt and McMahon, 1998;
Kanda et al., 2003; Kasai et al., 2004), and a recent study showed that
the stimulated Smo or a constitutively active form of Smo can activate
Gαi proteins in isolated cell membranes (Riobo et al., 2006). However,
the biological signiﬁcance of the coupling of Smo to G proteins
remains to be determined for the following reasons. First, most of
these studies were carried out in cell culture wherein Hh pathway
components were overexpressed, and/or relied on a synthetic Gli-
dependent reporter, non-endogenous or indirect endogenous mole-
cular indicators as readouts for Hh signaling activity. Second, only a
minor increase of GTPase activity was detected when the membranes
of untransfected mouse embryonic ﬁbroblasts (MEFs) were incubated
with the Smo-agonist purmorphamine. Third, so far there is no loss-
of-function study of the in vivo role of Gαi proteins in Hh signaling.
Besides coupling to G proteins, the C-terminus of Smo is clearly
required for Hh signaling. This is evidenced by the fact that a Smo
lacking its C-terminus completely loses its ability to elicit Gli proteins
to activate a Gli-dependent reporter (Riobo et al., 2006; Varjosalo
et al., 2006). Nevertheless, overexpression of a membrane-tethered
Smo C-terminus alone is not sufﬁcient to result in an abnormal
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protein coupling and the C-terminus-dependent activity are necessary
for Smo function.
In this study, we used several in vivo Hh signaling indicators–the
level of Gli3 processing, neural tube patterning, and expression of the
endogenous Hh target gene Gli1–to determine how important the G-
protein-coupled Smo activity is in Hh signal transduction. We found
that although inhibition of Gαi protein activity can partially suppress
expression of reporter genes and Hh target gene Gli1 in mouse
embryonic ﬁbroblasts (MEFs) and NIH3T3-based Shh-light cells, it
cannot reverse the Hh- and Smo-agonist-stimulated suppression of
Gli3 processing. Suppression of Gαi activity has little effect on the
speciﬁcation of ventral neural cell types in the developing spinal cord.
Consistent with these observations, overexpression of a constitutively
active form of the Gαi protein failed to induce the development of
neural cell types in the ventral spinal cord, even though an active Smo
was able to do so. Thus, our data indicate that the activation of Gαi
proteins by Smo is not essential for the regulation of Gli3 processing
and Shh-regulated neural tube patterning.
Materials and methods
Materials
Cyclopamine (CPM) was obtained from LC Laboratories (Woburn,
MA) and Forskolin (FSK) from Calbiochem. [35S]GTPγS [1300 Ci/mmol
(1 Ci=37GBq)] and [32P]-NAD were purchased from PerkinElmer Life
Sciences (Boston, MA). Cholera toxin (CTX), pertussis toxin (PTX), and
PTX catalytic S1 subunit were obtained from List Biological Labora-
tories, Inc. The Gli3 antibody and SAG were previously described
(Chen et al., 2002b; Wang et al., 2000).
Constructs, infection, transfection, cell culture, and semi-quantitative
RT-PCR
SmoM2 was created by a PCR-based mutagenesis method. SmoWT
and SmoM2 were cloned into the EcoRI–HindIII sites of pRK (a CMV-
based vector) and the EcoRI–XhoI sites of the pBI-GFP retroviral vector
(kindly provided by Jonathan S. Bogan, Yale University School of
Medicine). Gαi2QL and Gα13QL are constitutively active forms of Gαi2
and Gα13. The retrovirus stock was prepared by the transfection of
Phoenix cells (kindly provided by Garry Nolan, Stanford University)
with pB-Smo-I-GFP or pB-SmoM2-I-GFP, together with the pEco
package viral vector (kindly provided by Robert K. Naviaux, UC San
Diego) using a calcium phosphate precipitation method. Shh-light
cells and Ptc−/− mouse embryonic ﬁbroblasts (MEFs) were earlier
described (Taipale et al., 2000). Chick limb bud micromass cultures
were prepared from HH-22–23 chick embryos and grown in F-12 with
N2 supplement (Wang et al., 2000). Mouse embryonic ﬁbroblasts
were prepared from E10.5–11.5 mouse embryos and grown in DMEM
with N2 supplement. HEK293 and Ptc−/− cells were cultured in DMEM
with 10% fetal bovine serum (FBS) and penicillin/streptomycin at 37 °C
with 5% CO2. HEK293 cells were transfected with the pRK-Smo and
pRK-SmoM2 constructs with a calcium phosphate precipitation
method. For viral infection, Shh-light cells were plated at about 70%
conﬂuence, infected with the pBI-GFP, pBI-Smo-GFP, or pBI-SmoM2-
GFP virus the next morning. After reaching 100% conﬂuence, the
medium was changed to 0.5% calf serum with or without each of the
following, or a combination thereof: ShhN-conditioned medium (1/
10 v/v), SAG (300 nM), PTX (100 ng/ml), CTX (200 ng/ml), FSK (40 μM),
and cyclopamine (5 μM), andwas left for an additional 24 h. Fireﬂy and
Renilla luciferase activities were determined in lysates with the Dual
Luciferase Reporter Assay system (Promega). After having been
normalized against Renilla luciferase activities, ﬁreﬂy luciferase
activities from at least three independent experiments were calcu-
lated to obtain the average and standard deviation. Treatment of Ptc−/−cells was similar to that of Shh-light cells. The β-galactosidase activity
in Ptc−/− MEFs was assayed using the O-nitro-phenyl-8-D-galactopyr-
anoside (ONPG) substrate.
To determine levels of Gli1 and Ptc RNA expression, total RNA was
prepared from cultured cells using Trizol solution (Invitrogen), and
5 μg of the total RNA was used to synthesize the ﬁrst strand cDNA
using Superscript II reverse transcriptase (Invitrogen). Semi-quanti-
tative RT-PCR was performed using 1/5 of the cDNA and primers
speciﬁc for Gli1, Ptc, and NADPH cDNAs.
[35S]GTPγS binding assay
Cell membranes were prepared from HEK293 cells transfected
with either an empty vector, Smo, or SmoM2 expression constructs.
The [35S]GTPγS binding assay was performed as described (Cussac et
al., 2002), using 20 μg membrane per binding reaction.
ADP-ribosyltransferase assays
Shh-light cells or chick limb bud (HH 22–23) micromass culture
were treated with PTX (100 ng/ml) for 3 h prior to the preparation of
cell lysates. The PTX treated cells or chick spinal cords electroporated
with CMV-PTX-S1wt or mutant constructs were washed in PBS and
lysed in 0.5% Triton X-100 lysis buffer for 30 min on ice. The lysates
were cleared by centrifugation and the supernatant was stored at
−80 °C until the assay. The assay was performed as described (Castro
et al., 2001). Brieﬂy, the ADP-ribosylation assay contained, in 25 μl,
0.1 M Tris–HCl (pH7.5), 20 mM dithiothreitol (DTT), 0.1 mM ATP,
0.1 μM [32P]-NAD, 10 ng PTX catalytic S1 subunit, and an aliquot of the
protein supernatant. The mixture was incubated for 90 min at 25 °C;
phosphorylated proteins in the mixture were separated by 12% SDS-
PAGE and detected by autoradiography.
In ovo electroporation and immunohistochemistry
For electroporation, 2 μg each of pRK-Smo, pRK-SmoM2, CMV-
Gαi2QL, CMV-Gα13GL, CMV-PT-S1 wild-type (wt), or mutant (kindly
provided byNicholas Carbonetti at the University ofMaryland) (Castro
et al., 2001) was mixed with 2 μg of pEGFP for a ﬁnal concentration of
2 μg/μl, and the DNA mix was electroporated into one side of the
neural tube of chick embryos at HH stage 12–14. The electroporation
was performedwith ﬁve 40 V pulses for 50ms at 100-ms intervals and
the two electrodes 0.4 cm apart. Embryos were sacriﬁced 24 h later
and processed for ﬁxation, embedding, cross sectioning, and immu-
nostaining analysis. Antibodies used were GFP polyclonal antibody
(Santa Cruz Biotechnology, Santa Cruz, CA) andmonoclonal antibodies
Nkx2.2, Nkx6.1, MNR2, and Pax7 (Developmental Studies Hybridoma
Bank, Iowa University, Iowa). All secondary antibodies were purchased
from Jackson ImmunoResearch (West Grove, PA).
Results
Overexpressed Smo activates G proteins
A recent study has shown that Smo activates Gαi proteins (Riobo et
al., 2006). To conﬁrm this, we performed a [35S]guanosine 5′-(3-O-
thio) triphosphate (GTPγS) substrate binding assay, in which the
activation of G proteins by Smo was determined in isolated cell
membranes by means of guanine nucleotide exchange. In this assay,
the amount of GTPγS substrate binding to the Gαi proteins was
measured as the levels of G protein activation, since the GTPγS is not
hydrolysable (Cussac et al., 2002). The membranes were prepared
from HEK293 cells that had been transfected with either an empty
vector, a wild-type Smo, or a constitutively active Smo (SmoM2)
expression construct (Taipale et al., 2000). Overexpression of Smo and
SmoM2 alone resulted in about a 1.5- and 3-fold increase, respectively,
Fig. 1. Smo activates G proteins in vitro. HEK293 cells were separately transfected with
either an empty vector, Smo or SmoM2. Two days later, membranes were isolated from
the cells and [35S]GTPγS binding was performed in the presence of the indicated
chemicals. The results presented were obtained from three independent experiments.
Fig. 2. Smo and SmoM2 induced Gli-dependent luciferase activity was inhibited by
pertussis toxin (PTX), cholera toxin (CTX), forskolin (FSK), and cyclopamine (CPM). (A)
ADP-ribosylation assay of Shh-light cells pre-incubated with or without PTX. This 32P-
labeled band (approximately 41 kD) presumably corresponds to a mixture of Gαi2 and
Gαi3 (Castro et al., 2001; Xu and Barbieri, 1995). SeeMaterials andmethods for details of
the assay. (B) The reporter assay results. Shh-light cells, which contained a stably
integrated Gli-dependent ﬁreﬂy luciferase reporter and a Renilla luciferase reporter
control, were infected with a retrovirus containing Smo and SmoM2 cDNAs. After being
treated with the indicated drugs for 36–48 h, the cells were lysed, and ﬁreﬂy and Renilla
luciferase activities were measured. The results shown were obtained from three
independent experiments.
190 W.-C. Low et al. / Developmental Biology 321 (2008) 188–196as compared to the basal level of GTPγS binding. Incubation of a Smo
agonist, SAG (Chen et al., 2002b), increased the GTPγS binding
capacity to more than twofold in the Smo-expressing membranes
(P=0.0166), but it failed to do so in the SmoM2-expressing
membranes, while the addition of cyclopamine, a Smo antagonist
(Chen et al., 2002a), resulted in inhibition of GTPγS binding in the
membranes containing exogenous Smo (P=0.0247), but not SmoM2
(Fig. 1). Together, these data indicate that Smo can activate Gαi
proteins in vitro and that SmoM2, when overexpressed, is not sensitive
to SAG.
Pertussis toxin (PTX) treatment signiﬁcantly reduces a Gli-dependent
reporter activity in the NIH3T3-based Shh-light cells
PTX catalyzes the ADP-ribosylation of the α subunits of the
heterotrimeric guanine nucleotide regulatory proteins, Gαi, Gαo, and
Gαt (Bokoch et al., 1983; Codina et al., 1983), and it has been widely
used to decouple Gαi proteins from receptors. To ascertain that PTX
inhibits Gαi protein activity in the NIH3T3-based Shh-light cells
(Taipale et al., 2000), we ﬁrst performed ADP-ribosylation assay,
which has been widely used to determine the efﬁcacy of inhibition of
Gαi activity by PTX (Castro et al., 2001; Xu and Barbieri, 1995). In this
assay, post-nuclear supernatant (PNS) were prepared from Shh-light
cells that were pre-incubated with or without PTX. If PTX entered the
cells and catalyzed ADP-ribosylation of Gαi proteins, there would be
no or a little Gαi proteins in PNS that were available for in vitro ADP-
ribosylation. Thus, when the PNS was incubated with PTX catalytic S1
subunit and 32P-labeled NAD in vitro, there would be no or a little Gαi
proteins that were labeled, since they had already been modiﬁed by
the PTX that was pre-incubated in the culture. As expected, only a very
small amount of Gαi proteins (41 kD in size) were ribosylated by 32P-
NAD in PNS prepared from cells pre-incubated with PTX, but strong
labeling was observed in PNS from cells without PTX treatment (Fig.
2A). This result indicates that PTX can indeed inhibit Gαi protein
activity in Shh-light cells, thus decoupling the Gαi from receptors.
We next wanted to determine whether the coupling of Smo to Gαi
proteins is necessary for Hh signaling. To this end, NIH3T3-based Shh-
light cells, which contain a stably integrated Gli-dependent luciferase
reporter (Taipale et al., 2000), were ﬁrst infected with a retrovirus
containing either no insert, Smo, or SmoM2 cDNAs. The infected cells
were then treated with PTX, and the luciferase activity was measured.Overexpression of Smo and SmoM2 activated the reporter to an
average of 3.5- and 18.2-fold, respectively, but PTX treatment
inhibited the reporter activity to 2.3- (P=0099) and 11.3-fold
(P=0.0096), respectively (Fig. 2B), indicating that G protein coupling
is required for Hh pathway activation in this particular cell line on the
basis of this synthetic reporter. To verify that the reporter activity is
speciﬁcally induced by Smo and SmoM2 expression, the cells were
treated with the Smo antagonist cyclopamine (CPM). As expected,
CPM treatment brought the reporter activity to a nearly basal level
(Fig. 2B).
Protein kinase A (PKA) phosphorylates Gli2 and Gli3 C-termini and
induces a proteolytic processing into transcriptional repressors (Pan et
al., 2006; Tempe et al., 2006; Wang et al., 2000), which in turn
suppress Hh signaling. To determine whether the Smo-induced
reporter activity is dependent on Gli activity, the infected cells were
incubated with forskolin (FSK) and cholera toxin (CTX), both of which
activate PKA by increasing cAMP levels in the cells, although to
different extents and through different mechanisms (Seamon and
Daly,1981; Van Heyningen and King,1975). As predicted, both FSK and
CTX treatments effectively inhibited the luciferase reporter activity
(Fig. 2B), indicating that the Smo-induced reporter activation is
dependent on Gli transcriptional activity.
Although the above results suggest that Smo is coupled to G
proteins, overexpression may be forcing such a coupling. To rule out
this possibility, the same experiments were repeated using Shh-light
cells stimulated with either ShhN-conditioned medium or SAG.
Incubation of the cells with ShhN protein and SAG resulted in an
activation of the luciferase reporter 10 and 25 times the normal
activity, respectively. PTX treatment was still able to signiﬁcantly
suppress the ShhN- and SAG-induced reporter activity—from 10 times
to 6 (P=0.0026) and 25 times to 15 (P=0.0006), respectively. Similarly,
Fig. 3. Hh signaling in Shh-light cells was inhibited by PTX, CTX, FSK, and CPM. (A) The Gli-dependent luciferase reporter assay. Shh-light cells were treated with either ShhN protein
or SAG together with the indicated agents; otherwise, the experiment was performed as that in Fig. 2. (B) Semi-quantitative RT-PCR of Gli1 and Ptc. Total RNAwas isolated from Shh-
light cells treated with pharmacological agents as indicated above the panel and subjected to semi-quantitative RT-PCR using Gli1, Ptc, and GAPDH (control) speciﬁc primers.
Histogram shows the relative intensity of bands.
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on endogenous Smo and Gli activity as the reporter activity could be
inhibited by CPM, CTX, and FSK (Fig. 3A).
To ascertain that the effect of these pharmacological agents on the
reporter activity is dependent on Hh signaling, we also examined
expression of Gli1 and Ptc RNAs, two transcriptional targets of Hh
signaling. Consistent with reporter assay results, semi-quantitative
RT-PCR analysis revealed that SAG-induced Gli1 expression was
inhibited partially by PTX, CTX, and FSK, and completely by CPM,Fig. 4. PTX treatment reduced Hh signaling in Ptc−/−MEFs. (A) PTX treatment had little effect o
in Ptc−/− MEFs was measured, following incubation with SAG, PTX, CTX, FSK, or CPM overnigh
cell lysates and derived from three independent experiments. (B) Semi-quantitative RT-P
Histogram shows the relative intensity of bands. (C) In vitro ADP-ribosylation assay of Ptc−/− M
for details of the assay.and the similar inhibition of Ptc RNA expression was observed with
these drugs except PTX (Fig. 3B). Therefore, Smo coupling to the Gαi
proteins activates Gli-dependent luciferase reporter in Shh-light cells.
PTX treatment partially inhibited Ptc-LacZ reporter activity in Ptc mutant
mouse embryonic ﬁbroblasts (MEFs)
Loss of Ptc gene function leads to a full activation of the Hh
pathway in the absence of Hh (Goodrich et al., 1997), and Ptc is also an the Ptc-driven lacZ reporter activity in Ptc−/−mutant cells. The β-galactosidase activity
t or for 36–48 h. The β-galactosidase activity was normalized to the protein amount of
CR of Gli1 and GAPDH (control) in Ptc−/− MEFs treated with the indicated chemicals.
EFs pre-incubated with or without PTX. See Materials and methods and Fig. 2A legend
Fig. 5. PTX treatment failed to derepress Shh- or SAG-induced suppression of Gli3 processing. (A) Immunoblots show the full-length and processed forms of Gli3 (Gli3–190, Gli3–83,
Gli3–75) in chick limb bud micromass cells (left panel), E11.5 mouse embryonic ﬁbroblasts (MEFs, middle panel), and Ptc−/− MEFs (right panel). Cells were incubated overnight with
the medium containing the indicated components above the panels. (B) Histograms show the ratio of the Gli3–83 repressor to Gli3–190 activator from panel A. (C) In vitro ADP-
ribosylation assay of chick limb bud micromasses pre-incubated with or without ShhN and/or PTX. See Materials and methods and Fig. 2A legend for details of the assay.
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stringently test whether the Smo–Gαi protein coupling is required for
Hh signal transduction, we took advantage of Ptc−/− MEFs that
contained a lacZ knock-in reporter gene in place of the Ptc locus. In
these cells, the lacZ gene is driven by the endogenous mouse Ptc
promoter and is fully activated (Taipale et al., 2000), owing to a loss of
Ptc gene function. We initially assayed the β-galactosidase activity in
Ptc−/− MEFs treated without or with PTX, CTX, FSK, or CPM. The effect
of these pharmacological agents on β-galactosidase activity was lessFig. 6.Misexpression of the active SmoM2, not active Gαi2QL, ectopically activated the expre
neural tubes of HH stage 12–14 embryos were electroporated with SmoM2 or Gαi2QL toge
indicated transcription factors (red) and GFP expression (green). Missexpression of the act
Nkx6.1 (a marker for V3, MNs, and V2 progenitors)(Ds), and MNR2 (a MNmarker)(Gs), but it
that the loss of Pax7 expression corresponded to the GFP expression (compare H with H
Immunostaining showing coexpression of GFP and Gαi2QL or SmoM2 (detected using mycpronounced than that on luciferase reporter in Shh-light cells, but it
was still statistically signiﬁcant (P=0.0001 for PTX and control) (Fig.
4A). Since these two reporters are not comparable, we also
determined Gli1 RNA expression in Ptc−/− MEFs by semi-quantitative
RT-PCR analysis. Treatment with PTX, CTX, or FSK reduced Gli1 RNA
expression by about a half in these cells, whereas the CPM incubation
almost completely suppressed its expression, indicating that it is very
potent (Fig. 4B, lanes 3–6). Interestingly, the SAG treatment was still
able to induce Gli1 expression nearly two times as the controlssion of ventral neural transcription factors and suppressed a dorsal neural marker. The
ther with GFP expression constructs, and assayed 24 h later for the expression of the
ive SmoM2 resulted in an ectopic expression of Nkx2.2 (a V3 progenitor marker) (Cs),
suppressed the expression of the dorsal marker Pax7 (indicated by an arrow in H'). Note
' and H"). Missexpression of Gαi2QL failed to do so (As, Bs, Es, and Fs). (Is and Js)
antibody).
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Fig. 7. Overexpression of PTX catalytic S1 subunit did not inhibit the Shh-regulated speciﬁcation of neuronal cell types in the chick neural tube. Chick neural tubes (see Materials and
methods for details) were electroporated with PTX-S1 wt or mutant (not shown) together with GFP expression constructs and assayed 24 h later for the expression of the molecular
markers (red) and GFP (green) by immunoﬂuorescence (As–Fs). See Fig. 6 legend for molecular markers. (G) Autoradiogram of the in vitro ADP-ribosylation assay. Expression of wt
PTX-S1 reduced the labeling of Gαi proteins by 32P-NAD compared to mutant PTX-S1.
194 W.-C. Low et al. / Developmental Biology 321 (2008) 188–196(compare lane 2 to lane 1), indicating that SAG-induced Smo activity
can exceed Smo activity induced by the loss of Ptc. Together, these
data indicate that, as in Shh-light cells, Smo mediated activation of
Ptc-lacZ reporter in Ptc−/− MEFs is partially dependent on Gαi protein
activity.
PTX treatment fails to derepress the Shh-induced suppression of Gli3
processing
Gli3 protein processing is inhibited by Hh signaling and the extent
of Gli3 processing is a hallmark of Hh signaling activity in vivo (Wang
et al., 2000). We thus wanted to determine whether inhibition of Gli3
processing by Shh signaling is dependent on Smo–Gαi coupling. We
ﬁrst treated Shh-responsive chick limb bud micromass culture with
ShhN-conditionedmedium alone, or together with either PTX, CTX, or
CPM. The extent of Gli3 processing was then evaluated by Western
blot with an N-terminal Gli3 antibody, which detected both the full-length and processed forms of Gli3 (Wang et al., 2000). As shown in
the left panels of Figs. 5A and B, ShhN stimulation suppressed Gli3
processing very effectively as measured by the presence of only
residual amounts of the Gli3 repressor forms, Gli3–83 and Gli3–75.
Addition of PTX did not detectably reverse the ShhN-induced
inhibition of Gli3 processing; CTX treatment did, but only slightly,
and cyclopamine fully derepressed the suppression. The inability of
PTX to derepress the Shh-stimulated suppression of Gli3 processing
was not because PTX was not active, since ADP-ribosylation assay
revealed that the PTX used was able to modify the Gαi proteins in the
chick limb bud micromasses (Fig. 5C).
We also repeated the same experiment using SAG as a stimulus.
Unfortunately, SAG failed to inhibit Gli3 processing, which is most
likely due to its inability to bind chicken Smo (data not shown). We
thus used primary MEFs prepared from mouse embryos at gestation
day 11.5 (E11.5), a stage at which most tissues respond to the Shh
signal, to test if PTX treatment would derepress SAG-induced
195W.-C. Low et al. / Developmental Biology 321 (2008) 188–196inhibition of Gli3 processing. In these MEFs, Gli3 processing is not as
efﬁcient as that in chick limb bud cells (Fig. 5A, compare lane 5 to lane
6). However, as in the chick limb bud micromass culture, PTX
treatment was unable to derepress SAG-induced inhibition of Gli3
processing, while CPM could effectively reverse the SAG-elicited
suppression of Gli3 processing. The effect of CTX was undetectable,
which is likely due to the low level of the Gli3–83 repressor (Figs. 5A
and B, middle panels). The inability of PTX treatment to derepress
Shh-signaling induced suppression of Gli3 processing was also found
in Shh-light cells and Ptc−/−MEFs (Figs. 5A and B, right panels, and data
not shown). Together, these data indicate that the activation of Gαi
proteins plays a minor or no role in Hh-regulated Gli3 processing in all
the cell types examined.
Overexpression of a constitutively active Gαi protein or PTX catalytic S1
subunit had little effect on Hh-regulated neural tube patterning
In the spinal chord, Shh is expressed in the notochord andmigrates
to the ventral neural tube, where it induces all cell types in a
concentration-dependent manner (Jessell, 2000). High concentrations
of Shh induce the ﬂoor plate at the midline of the neural tube, and
progressively lower levels of Shh specify V3 interneurons, motoneur-
ons (MNs), V2, V1, and V0 interneurons in a ventral-to-dorsal order.
Each of the cell types is marked by the expression of speciﬁc
homeodomain (HD)-containing and basic helix-loop-helix (bHLH)
transcription factors. Mutants that lack either Shh or Smo gene
function fail to specify the ﬂoor plate, MNs, and V3–V2 interneurons
and to pattern all ﬁve types of ventral neurons (Chiang et al., 1996;
Wijgerde et al., 2002), while excessive Hh pathway activity leads to an
ectopic expansion of these neurons (Cooper et al., 2005; Goodrich et
al., 1997; Svard et al., 2006). Therefore, speciﬁcation of the distinct
ventral neurons indicates the levels of Hh signaling activity.
To investigate the potential involvement of Gαi in Hh signaling in
vivo, we assayed the expression of ventral HD and bHLH fate
determinants in the spinal cord of chick embryos electroporated
with Gαi2QL (a constitutively active Gαi2), Gα13QL (a constitutively
active Gα13), Smo, or SmoM2 expression constructs. Expression of
these constructs was conﬁrmed by immunostaining (Figs. 6Is, Js, and
S1Ds). Electroporation of neither Gαi2QL, Gαl3QL, nor Smo induced
ectopic expression of the HD and bHLH markers examined, which
included Nkx2.2 (a V3 progenitor neuronal marker), MNR2 (a MN
marker), and Nkx6.1 (a V3, MN, and V2 progenitor cell marker) (Figs.
6As, Bs, Es, and S1As–Bs). However, electroporation of SmoM2
induced ectopic expression of all these transcription factors (Figs.
6Cs, Ds, and Gs). We also analyzed the expression of the Pax7
transcription factor in the dorsal neural tube that is suppressed by a
low concentration of Hh ligand. Again, only SmoM2, but neither
Gαi2GL, Gα13QL, nor Smo, was capable of inhibiting Pax7 expression
(Figs. 6Fs, Hs, and S1Cs). Taken together, these data indicate that
activation of Gαi alone is not sufﬁcient to elicit Hh signaling and that
Smo needs to be activated to exert its full function.
To address the question whether Shh-regulated neural tube
patterning requires Gαi protein activity, CMV-based expression
constructs for wild-type (wt) or mutant (catalytically inactive) PTX
catalytic S1 subunit were electroporated into the chick neural tube.
These two constructs have been successfully used to study Gαi
coupled GPCR functions in mammalian cells (Castro et al., 2001). We
ﬁrst determined whether wt S1 subunit was active in the electro-
porated chick neural tube using the in vitro ADP-ribosylation assay.
Since it is technically difﬁcult to separate a small spinal cord into left
and right halves, a whole spinal cord fragment from neck to hind-limb
was arbitrarily collected and used to prepare post-nuclear supernatant
(PNS). The results showed that the labeling of Gαi proteins by 32P-NAD
was weaker in the PNS prepared from spinal cord fragments
transfected with wt S1 construct than that with mutant S1 subunit
(Fig. 7G). Since only one side of a small area of chick spinal cord wasusually electroporated, this result suggests that wt and mutant S1
subunits were expressed and the former was functional, although the
extent of inhibition of Gαi activity by overexpression of wt S1 cannot
be determined. We next examined the expression of several neural
markers in the neural tubes that were electroporated. We found that
overexpression of either wt or mutant PTX S1 subunit did not affect
the expression and patterning of neuronal markers that were
examined, including Nkx2.2 (V3 interneuron marker), Isl1 and
MNR2 (motoneuron markers), Lhx3 (V2 interneuron), Nkx6.1 (V1–
V3), Pax6, and Pax7 (Figs. 7As–Fs and data not shown). From these
results, we conclude that the coupling of Smo to Gαi proteins is not
essential for the Shh-dependent speciﬁcation of V1–V3 neuronal cell
types in the neural tube.
Discussion
Several studies suggested that Smo, when overexpressed, could
couple to the Gαi, Gα12, and Gα15 proteins (DeCamp et al., 2000;
Hammerschmidt and McMahon, 1998; Kanda et al., 2003; Kasai et al.,
2004). In addition, a recent study showed that vertebrate Smo
activates Gαi proteins in isolated membranes (Riobo et al., 2006).
However, the in vivo physiological signiﬁcance of the coupling of Smo
to the G proteins is not clear. In this study, we examined several
known in vivo indicators for Hh signaling activity and investigated the
effect of the coupling of Smo to Gαi proteins on Hh-regulated
embryonic patterning. We found that when Gli1 expression was
assayed for Hh pathway activity, inhibition of Gαi protein activity by
PTX signiﬁcantly reduced Hh pathway activity in Shh-light cells and
Ptc−/− MEFs (Figs. 3B and 4B). However, PTX treatment appeared to
haveminimal effect, if any, on Ptc RNA expression. This may reﬂect the
differences in responsiveness of these two genes to Gαi-dependent
Smo activity. PTX treatment could not also derepress the Shh- or SAG-
stimulated suppression of Gli3 processing in all the cell types
examined in this study (Figs. 5A and B). In addition, although
SmoM2 was able to induce ectopic speciﬁcation of neuronal cell
types in the chicken spinal cord, the constitutively active Gαi2QL
protein failed to do so (Fig. 6). Furthermore, overexpression of PTX
catalytic S1 subunit was also unable to suppress the Shh-regulated
speciﬁcation of neural progenitor cells in the developing chick neural
tube (Figs. 7As–Fs). Our data therefore indicate that the coupling of
Smo to Gαi proteins is not essential for the Shh-regulated Gli3
processing and neural tube patterning. In this sense, it is similar to
Smo in Drosophila, in which knocking down G proteins does not seem
to affect Hh signal transduction (Lum et al., 2003a).
Hh signaling is required for both the suppression of Gli3 processing
and activation of full-length Gli proteins. A recent study of mutations
in the Arl13b gene, which encodes a small GTPase, has demonstrated
that the regulation of Gli3 processing and the production of full-length
Gli activators are two separable molecular processes (Caspary et al.,
2007). Here we show that although inhibition of Gαi protein activity
can partially block Hh signaling as measured by the reduction of
reporter gene activity and Gli1 RNA expression in Shh-light cells and
Ptc−/− MEFs, it fails to reverse the Shh- or SAG-induced inhibition of
Gli3 processing. Thus, Gαi protein activity appears to be required for
the activation of full-length Gli proteins but not for the suppression of
Gli3 processing in these cell types. It would be interesting to
determine whether the Arl13b function is dependent on Gαi protein
activity that is coupled to Smo.
The inability of PTX treatment to restore Gli3 processing that is
inhibited by Shh signaling is likely a general mechanism rather than
cell type speciﬁc, since this phenomenon is found in all the cell types
that we have examined. However, the different requirement of Gαi
protein activity for the activation of Hh pathway between MEFs and
the spinal cord may be attributed to differences in molecular markers.
Gli1 and Ptc are often used as markers for Hh signaling activity, but
their expression may not necessarily correlate directly with the
196 W.-C. Low et al. / Developmental Biology 321 (2008) 188–196expression of neuronal markers in the spinal cord used to determine
the Hh-regulated neural tube patterning. It is also possible that the
different effect of PTX treatment on Hh signaling in MEFs and the
neural tube may simply reﬂect differences in in vitro and in vivo or cell
types. Determining the biological signiﬁcance of the coupling of Smo
to Gαi proteins in Hh signal transduction will ultimately rest on the
analysis of Hh-regulated patterning of animals lacking Gαi functions.
Although the role of the coupling of Smo to Gαi proteins in Hh
signaling remains enigmatic, the importance of the SmoC-terminal tail
in Hh signal transduction has been well documented. Both Drosophila
and vertebrate Smo lacking their C-terminal tails are inactive, even
though expression of the membrane-tethered C-terminal tail alone is
not sufﬁcient to fully activate the Hh pathway (Hooper, 2003; Riobo et
al., 2006; Varjosalo et al., 2006). The C-terminus of ﬂy Smo recruits the
cytoplasmic Hh signaling complex through its direct interaction with
Costal 2 (Cos2), a kinesin-like molecule (Jia et al., 2003; Lum et al.,
2003b; Ogden et al., 2003; Ruel et al., 2003). It is also extensively
phosphorylated by protein kinase A (PKA) and, subsequently, by casein
kinase 1 (CK1), an event required for Hh signaling (Apionishev et al.,
2005; Jia et al., 2004; Zhang et al., 2004; Zhou et al., 2006).
However, the mechanisms by which the C-terminus of vertebrate
Smo is involved in Hh signaling is less clear since it does not appear to
recruit Kif7 and Kif27, two vertebrate homologs of the ﬂy Cos2
(Varjosalo et al., 2006), and lacks the PKA sites present in the ﬂy Smo
C-terminus. Nonetheless, vertebrate Smo is phosphorylated by GRK2
(GPCR kinase 2) (Chen et al., 2004; Meloni et al., 2006), presumably in
its C-terminus, by analogy to other seven-transmembrane GPCRs.
Phosphorylated Smo recruits β-arrestin2, which promotes the inter-
nalization of Smo (Chen et al., 2004). It is probably the Smo C-
terminal-dependent activity that suppresses Gli3 processing, since the
Gαi-dependent Smo activity does not appear to be required for the
inhibition of Gli3 processing.
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